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INTRODUCTION
• The HL-LHC, the cornerstone for EF for the next two decades, will 

advance the investigation of the most fundamental questions in 
physics  (Why the Electroweak Symmetry breaking occurs? What is the origin 
of the matter vs. antimatter asymmetry?  What is dark matter?).
• EF has been a fundamental pillar of the DOE mission from its inception 

and one of the main programs in NSF EPP.
• To fully exploit the discovery potential of the machine, the 2014 P5 

recommended the HL-LHC as the highest-priority near-term large 
project.  
• Recommendation 10: “Complete the LHC phase-1 upgrades and continue the strong 

collaboration in the LHC with the phase-2 (HL-LHC) upgrade of the accelerator and both 
general-purpose experiments (ATLAS and CMS). The LHC upgrades constitute our highest-
priority near-term large project”. 

• Snowmass2021 “supports continued strong US participation in the 
success of the LHC, and the HL-LHC construction, operations, 
computing and software, and most importantly in the physics 
research […]”.
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https://science.osti.gov/hep
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TECHNICAL MOTIVATION FOR DETECTOR UPGRADE
• The HL-LHC will reach instantaneous luminosities 

up to 7.5 x nominal and will and operate for a ~ 
decade. 
• The current ATLAS and CMS detectors cannot 

realize the physics opportunities presented by 
3000 fb-1 of data expected during the HL-LHC era:
• Accumulated radiation dose makes sub-detectors 

inoperable. 
• Need for radiation hard sensors and electronics.

• High instantaneous luminosities lead to complex 
events (200 pileup collisions per bunch crossing).
• Need for high granularity, 4D information, redundancy.
• Rate plus complexity lead to x10 data volume.
• Need for faster readout ASICs and next generation TDAQ.                             

(plus paradigm shift in software and computing) 

3



….

OVERVIEW OF THE U.S. LHC PROGRAM
• The U.S. ATLAS and U.S. CMS collaborations include ~ 600 physicists each, from    

~ 90 university groups and 5 DOE national laboratories.
• U.S. LHC represents the largest fraction of the U.S. particle physics community and 

the U.S. is the single largest collaborating nation at the LHC.
• U.S. ATLAS and U.S. CMS coordinate U.S. contributions with international partners 

and CERN. 
• The U.S. LHC program is a successful interagency partnership of DOE and NSF.
• The scope of the U.S. deliverables leverages unique expertise and interests of U.S. 

scientists as well as U.S. facilities and capabilities.
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* Increases to over 29% if the groups supported by Nuclear Physics are accounted for.

*
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CMS HL-LHC UPGRADE
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DOE also 

supports 


Integration 

and Installation

NSF $9.6M DOE $10.4M
NSF $11.5M

NSF $30.1M

NSF $7.8M

DOE $54.2M

DOE $48.1M

DOE $20.4M
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NEW DETECTORS
• Entire tracking system
• Outer Tracker: novel module design providing 

track information to the Level-1 trigger
• Inner Tracker: from ~ 66 M to ~ 2 B pixels
• 3D pixel sensors at inner radii, extension to |𝝶|<4

• Novel timing detector
• Pushing technology to few ~10ps resolution
• 16x16 pixel readout ASIC in the end-cap, one of the 

largest ASICs in HEP
• Imaging Calorimeter Endcap
• High granularity 5D shower information
• Silicon based sensing (in high dose area) 
• AI/ML on ASIC (concentrator)  

• Muon Detectors
• Extending coverage in eta gaps, increasing 

redundancy with new muon technology - 
GEMs, RPCs - 
• First GEM Detectors installed for Run 3

6



….

NEW ELECTRONICS
• Upgraded frontend and backend readout electronics 

for ~ all sub-detectors to accommodate: 
• Higher Level-1 rate  
• More and more granular detector information, including 

from existing sub-detectors 
• e.g. Barrel Calorimeter: single crystal information to Level-1

• More performant trigger system 
• Level-1 (lowest level)
• Tracking information - new for CMS!
• More and more granular information  
• Particle flow, scouting - new!
• Latency 3.5 𝝁s → 12 𝝁s 

• Rate 100 kHz → 750 kHz  
• Accelerators at the High Level Trigger
• ATCA x 25 Gbps platform as new standard, with 

large ultrascale FPGAs (→ modern AI/ML)     
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New 
paradigm for 

High Level Synthesis

R&D in 
portability 
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ATLAS HL-LHC UPGRADE
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New HGTD detector (based on LGAD) in 2.4<|η|<4.0 
• < 70 ps resolution per hit, 4 layers of silicon modules, 

at least 2 hits per track; bunch-by-bunch luminosity 
• NOT in US scope  

NSF $18.861M DOE $6.804M DOE Pixel $34.921M; Strips $48.055M

DOE $17.459M

NSF $4.493M

NSF $11.693M

NSF $12.75M DOE $14.188M

DOE also 

supports 


Integration 

and Installation



….

NEW DETECTORS
• Entirely new silicon based tracking system 

(ITk)

• 3D pixel sensors at inner radii, |𝝶|<4

• Inclined modules and innovative serial 
powering scheme in the pixels

• ASICs in either 130 or 65 nm CMOS technology 
(joint R&D ATLAS and CMS ASIC in TSMC 65 
nm) 

• Dual phase CO2 cooling and extensive use of 
carbon fiber for mechanical structures  

• New Muon Detectors
• Increase trigger acceptance by adding 

chambers in areas of poor coverage
• To create space for added coverage use new sMDT 

chambers in the inner barrel
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NEW ELECTRONICS
• New frontend and backend readout electronics 
• Calorimeters: readout all data from frontend to off-detector at 

40 MHz bunch-crossing
• Muon Chambers: precision MTD information made available 

at Level-0
• Completely new trigger system
• Move from 100 kHz to 1 MHz single-level hardware trigger!
• Latency from 2.5 μs to 10 μs

• Event Filter from 1 kHz to 10 kHz
• Exploits full detector granularity and extended tracking range 
• Modern FPGAs, EF tracking based on CPUs and accelerators

• Upgraded communication between frontend electronics 
and data acquisition through FELIX 
• Commodity hardware and networking to handle 5.2 TB/s
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STATUS OF THE US PROJECTS
• DOE guidance 
• U.S. ATLAS $200M; U.S. CMS $200M  
• NSF MREFC 
• Total of ~ $150M split ~ equally (jointly submitted)  
• The total contributions to each upgrade, when 

expressed in core accounting, are based on the “fair 
share” fraction of each U.S. collaboration in each 
international collaboration.
• Both projects are well advanced: 
• “Baselined”
• Designs complete → entering production phase
• Percent complete: 
• ATLAS: DOE 47%; NSF 36%
• CMS: DOE 42%; NSF 33%  
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CY DOE NSF

2016 CD-0 CDR

2017 PDR

2018 CD-1 ATLAS

2019 CD-3a ATLAS

CD-1 CMS

FDR

2020 CD-3a CMS

2022 CD-3b CMS
CD-2/3 ATLAS

2023 CD-2/3c CMS Re-
“baseline”

2030 *CD-4 ATLAS/CMS

* Includes 2 years of top-down float

U.S. ATLAS, U.S. CMS, DOE, and NSF coordinate the scope of each upgrade project regularly 
(each project has been formulated to avoid duplication).
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EXPERIENCES
• The U.S. provided intellectual and leadership roles in developing and building the 

LHC and HL-LHC detectors.
• The pivotal role played by U.S. ATLAS and U.S. CMS was made possible by:
• Excellent coordination among U.S. institutions, DOE, NSF; 
• Strong collaborations with international partners within the ATLAS and CMS 

collaborations.   
• Investments in detector R&D prior to CD-0 / CDR approval. 
• The HL-LHC detector upgrades leverage cutting edge technologies (and represent a 

test bed for future detectors):
• Extensive use of AI/ML in hardware and firmware designs (closer and closer to the interaction);
• Experience with 65 nm ASIC technology;
• Systems engineering of fast timing detectors;
• Imaging calorimetry providing 5D shower; 
• and more … 
• Innovation promoted through the Instrumentation Frontier was key.
• Finally, these upgrades are a unique training ground for the next generation.
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LESSONS LEARNED
• The HL-LHC detector efforts naturally feed into the next phase of collider 

experiments, and lessons learned at the LHC can inform future projects.
• Cooperation within the U.S. (among research institutions and between agencies) and with 

international partners allows to lay essential groundwork for future efforts.   
• Early investments in detector R&D are critical. 
• Development of common solutions (across experiments and in coordination with 

international partners) ensures return on investment and risk mitigation.  
• Extensive risk analysis in the project itself allows to handle internal and external factors (e.g. issues 

related to supply chain). 
• A healthy balance between adoption of diverse technical solutions and risk mitigation is 

important. 
• In addition to technical expertise, significant scientific leadership (and thus research 

funding) is critical.   
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CONCLUSIONS
• The priority to pursue the next phase of LHC physics has been established. 
• The HL-LHC upgrades of the ATLAS and CMS detectors are essential to fully exploit 

the discovery potential of the HL-LHC: 
• 90% of the total dataset will be collected by the upgraded detectors;
• The HL-LHC *will be* the EF collider for the next two decades.
• The projects are technically advanced (“baselined") and the upgraded detectors will 

start operating in ~ 6 years.   
• Continued support from the community and the funding agencies is vital for the 

completion of the upgrades, as well as for subsequent detectors’ operations and 
analysis of the HL-LHC data: 
• Serving as a successful model for current (e.g. LBNF/DUNE) and future U.S. hosted large 

projects;
• Demonstrating that the U.S. is a reliable partner within large international collaborations;
• Enabling science past 2040.

WE BELIEVE THAT THE HL-LHC MUST REMAIN 
THE HIGHEST-PRIORITY NEAR-TERM LARGE PROJECT

14



….

DETECTOR BUILDERS
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EXTRA
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US ATLAS KPPS
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US ATLAS WBS
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US CMS KPPS
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US CMS WBS
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